Examining a comprehensive set of papers (n = 1837) that were accepted for publication by the journal Angewandte Chemie International Edition (one of the prime chemistry journals in the world) or rejected by the journal but then published elsewhere, this study tested the extent to which the use of the freely available database Google Scholar (GS) can be expected to yield valid citation counts in the field of chemistry. Analyses of citations for the set of papers returned by three fee-based databases -Science Citation Index, Scopus, and Chemical Abstracts -were compared to the analysis of citations found using GS data. Whereas the analyses using citations returned by the three fee-based databases show very similar results, the results of the analysis using GS citation data differed greatly from the findings using citations from the fee-based databases. Our study therefore supports, on the one hand, the convergent validity of citation analyses based on data from the fee-based databases and, on the other hand, the lack of convergent validity of the citation analysis based on the GS data.
Introduction
For many years the main resources for citation analysis were citation databases, in particular the Science Citation Index (SCI) , that are accessible through Web of Science (WoS) available through the research platform ISI Web of Knowledge from the scientific division of Thomson Reuters (Harzing & van der Wal, 2008; Thomson Reuters, 2008) . In addition to its multidisciplinary nature, citation indexing was the major reason why WoS had an unique position among bibliographic databases (Neuhaus & Daniel, 2008) . In recent years, however, citation-enhanced databases from several database producers have entered the market. In 2004, two primary competitors to the Thomson Reuters citation indexes became available: Scopus (www.scopus.com) from Elsevier (headquartered in Amsterdam) and Google Scholar (GS) (http://scholar.google.com/) from from all of the indexed journals, and the cited reference interface lists all citations to publications (Bar-Ilan, 2008) . Even though for the citation indexes in WoS Thomson Reuters continuously covers more than 9000 journals, this is still only a selected set of the journals currently available (see here Neuhaus & Daniel, 2008) . Today, Ulrich's Periodicals Directory lists more than 22,000 peer-reviewed academic and scholarly journals and 2300 electronic journals. According to Marx and Schier (2005) the journals indexed in the WoS databases cover mainly the core disciplines in the natural sciences, and they do not sufficiently cover fields such as computer science or engineering science.
The CA scientific literature and patents database from CAS is a prime example of a database offering also intellectually analyzed content obtained from journals and patents, and because of that, it is relatively expensive. The CA is one of the largest literature databases, containing chemistry-related primary literature from more than 10,000 major scientific journals worldwide as well as all chemistry-related patents, books, and research reports (Marx & Schier, 2005) . CA represents the world's most important compendia of chemistry and related sciences such as biology and life sciences, engineering sciences, materials sciences, medical sciences, and the substance-related fields in physics (Neuhaus & Daniel, 2008) . The citation searches in SCI and in CA for the publication set of this study was conducted via the online database service STN International (http://www.stn-international.de/) operated by FIZ Karlsruhe in Germany. Using the STN retrieval system and the STN statistics functions, SCI (SCIsearch) and CA (HCAplus) could be utilized for comprehensive citation analyses. For our study, two STN-specific upload files were generated, two separate files for SCI and CA. This was necessary, because the databases transcribe some authors' names differently (especially hyphenated surnames and names containing an Umlaut). For the automated search process for publications in the databases, first author name, volume number, first page number, and year of publication were used. When a publication was found, the citations for the period from date of publication to the end of 2006 were determined and tabulated for the further analyses.
Citation searching in Scopus
"In 2004, Elsevier released its ambitious Scopus abstract and indexing database covering over 15,000 peer-reviewed journal titles, including coverage of approximately 500 Open Access journals, 700 conference proceedings, and 125 book series. Altogether, Scopus indexes more journals than Thomson Scientific's citation indexes, and offers greater coverage of Open Access journals, but lacks the depth of coverage in years of journals" (Neuhaus & Daniel, 2008, p. 203 ). According to de Moya-Anegón et al. (2007) , Scopus is the largest of the currently available databases for scientific searches. It provides full citation coverage from 1996 onwards (Bar-Ilan, 2008) . According to Visser and Moed (2008) "Scopus is a genuine alternative to the Web of Science as a data source for bibliometric studies of research performance in science fields during the time period as from 1996" (p. 25).
In contrast to the citation searching in SCI and in CA, the citations for the individual publications in the publication set of this study were searched manually in Scopus. To our knowledge, there is no host like STN International offering automatic searching in Scopus for citations for a publication set. Therefore, two persons of our research team used bibliographic information to search for each individual publication in Scopus and tabulated the citations for statistical analysis.
Citation searching in Google Scholar
According to Kousha and Thelwall (2007) "the citation facility of Google Scholar is a potential new tool for bibliometrics" (p. 1057). The great advantage of GS over the other databases is the many documents covered that are not usually to be found in other, journal-dominated databases (Bar-Ilan, 2008) . It is reasonable to assume that a considerable number of citations from Open Access and non-Open Access documents in different subject areas -especially those from non-journal sourcesthat are not found in WoS and the other fee-based databases can be retrieved through GS. While a large number of publishers have released their information (mainly full texts of publications, mostly PDFs) to GS's software robots (such as, for example, Nature Publishing Group or Springer) (Giles, 2005; Kousha & Thelwall, 2007) , some large publishers have denied GS access to their archives (such as the American Chemical Society). Still, Jacso (2005) concludes, "the coverage of Google is impressively broad and includes the most important scholarly publishers' archives" (p. 209).
But a number of publications name also some weaknesses of GS that are said to make conducting citation analyses difficult. As Neuhaus and Daniel (2008) point out, "Google does not disclose any information about the sources processed, nor the document types included, nor the time span covered" (p. 200). GS also does not provide information on how frequently it is updated (Harzing & van der Wal, 2008) . According to Sanderson (2008) , "GS was relatively unstructured and often contained a number of duplicate entries to the same publication and the facilities to filter results were limited" (p. 1185). Beyond that, the citation counts that can be extracted from GS are inflated, containing citations from poor quality publications. In a citation analysis of a publication set Meho and Yang (2007b) found that approximately one-third of the citations were from sources that most would agree should not be included in citation studies, including "Bachelor's theses, presentations, grant and research proposals, doctoral qualifying examinations" (p. 2112) and "Master's theses, technical reports, research reports" (p. 2115).
Citation searching in GS for the publication set of this study was conducted at the start of 2008 using Online Citation Service, a Web application developed at the University of Leipzig (Thor, Aumueller, & Rahm, 2007) . Using relevant keywords from the titles of the papers accepted for publication by AC-IE or rejected (and published elsewhere) as well as the author and journal names, GS was searched using automatic queries. For each paper, several search strategies were used (for example, searches used the complete title of a paper or only certain words in the title in combination with other bibliographic information), in order to guarantee that all relevant publications were found. The search results were then compared with the list of papers in the publication set of the study so that, among other things, false hits could be eliminated.
An important aspect of post-processing the data is identifying duplicate publication entries in GS. (For example, the interested reader can search GS using the search term intitle:survey approaches author:rahm. Note that the search results all refer to the same real-world publication.) The reason for the many duplicates lies in the automatic generation of the GS data set (among other things, automatic extraction of references lists in PDF files), which leads to heterogeneous bibliographic information for the same publications (due to typographical errors in titles, missing authors, authors listed in incorrect order, differences in the names used for the journals or conferences, and so on). The identification and summary of all duplicates is obviously crucial with regard to the quality of a citation analysis, for otherwise, relevant citations are not considered. Automatic identification of duplicate records is a very challenging task that is receiving a lot of attention in computer science research . At the present time, no 100% correct automatic identification of duplicates is possible, which is why after automatic searching the results have to be post-processed manually and modified if necessary. For identified duplicates, the numbers of citations provided by GS are summed.
Results
For the papers accepted for publication by AC-IE or rejected but published elsewhere, the following sections present the results of citation analyses performed using data from SCI, Scopus, and CA and compared to the results of the citation analysis using data from GS. The results of the individual comparisons between the databases are presented in Section 3.1. Section 3.2 looks at the reasons for the differences between the analyses using citations drawn from the different databases.
Results of the analyses of citations that were tracked in the four databases
The results of the analyses of citations that were tracked in the GS, SCI, Scopus, and CA databases are shown in Table 1 . As the table shows, citations were tracked in each of the databases for a total of 1837 papers that were accepted for publication by AC-IE or rejected (and published elsewhere). All 1837 papers were found with 1 entry in SCI and CA, but 10 papers could not be found in Scopus. In GS, a total of 90 papers could not be found (4.9%); of the 1747 papers that were found in GS, 73.9% returned 1 hit and 21.2% returned from 2 to 4 hits. In many cases where several hits were returned, not all of them were about one and the same publication; some of them were references to the publication or a pre-publication working paper (see here also Aaltojarvi, Arminen, Auranen, & Pasanen, 2008) . If the search for one paper returned several publication hits, the citations for the individual hits were summed.
Table 1
Differences between citation counts from each of the four databases, for papers (n = 1837) that were accepted or rejected (but published elsewhere) by AC-IE.
Google Scholar (GS) Science Citation
Index ( A comparison of the number of citations that were found in the four databases for the publication set reveals very clear differences between GS and the three other databases: whereas in SCI and Scopus about 2% and in CA about 1% of papers for which citation counts were extracted showed 0 citations, in GS no citations were found for nearly one-half of the papers. Accordingly, the total citation counts in Table 1 for SCI, Scopus, and CA range from 44,502 to 48,160 citations, but the total citation count for GS is only 9320.
In Table 1 the results of the analysis of GS citations are shown for the citation window from publication year to 2006 (as for the analyses of citations that were based on the other three databases). As the searches in GS were conducted in the year 2008, only those citing papers entered into the citation counts for the accepted and rejected (but published elsewhere) papers for which GS showed a publication year between 2000 and 2006. As in contrast to the other three databases GS does not show the publication year for all citing papers (Kousha & Thelwall, 2008 , for example, find mainly for the field of chemistry a high percentage of Chinese language citations in GS that have no publication year in Arabic numerals), the number of all citing papers and the number of all citing papers with usable publication years differ. In order to be able to determine the difference between the two citation rates for the publication set of this study, in GS we identified for the 1747 papers in addition all citations (with and without a publication year) since publication up to the time point of the search at the start of 2008. As the search results show, while the number of papers with 0 citations decreases from 843 (see Table 1 ) to 727 and the total citation counts increase from 9320 (see Table 1 ) to 13,345 citations, the numbers still differ greatly, however, from the numbers for the other three databases.
In addition to the total citation counts and the number of papers with 0 citations, Table 1 also shows the mean citation counts (arithmetic mean and median) for papers accepted for publication by AC-IE and papers rejected but published elsewhere. Even though based on the data in GS papers accepted for publication by AC-IE were on average more frequently cited than manuscripts rejected by the journal and published elsewhere, the difference between the two groups is lower due to the lower GS citation counts altogether: while SCI, Scopus, and CA returned an average number of citations for accepted papers of about 30 citations and for rejected papers but published elsewhere about 20 (see here also the results in Bornmann & Daniel, 2008a , 2008b , the averages returned by GS are 6.48 (accepted papers) and 4.35 (rejected papers) citations (see Table 1 ) (seen as percentages, however, the difference between the average GS citation counts for accepted and rejected papers is about the same as the difference between the average citation counts for accepted and rejected papers when tracked in the fee-based databases).
The bottom three rows in Table 1 show the average differences (arithmetic mean and median of the absolute difference values) in citation rates returned by the four different databases for the papers in the data set of this study. This analysis, too, reveals clear differences between GS and the other three databases: whereas the difference in the individual citation rates between the citations returned by SCI, Scopus, and CA was on average about two to three citations, the citation rates using the GS database differed on average by about 20 citations from the citation counts returned by the other databases. Accordingly, for SCI, Scopus, and CA the percentages of papers with a difference of fewer than two citations between the citation rates from two databases are 42.7% (SCI and CA) and 63.9% (SCI and Scopus). But if the citation counts from these three databases are compared with citation counts returned by GS, it is found that only between 5.2% and 6.6% of the papers show a small or no difference in the citations.
Seen overall, the results in Table 1 indicate that there is little difference between the results of the citation analyses using SCI, Scopus, and CA data but clear differences between the results of the analysis using GS data and the analysis results using the three other databases. Bauer and Bakkalbasi (2005) found similar results (but, however, with altogether higher citation counts using GS than using fee-based databases) for articles published in the Journal of the American Society for Information Science and Technology (JASIST): "For JASIST articles published in 2000, Google Scholar provided statistically significant higher citation counts than either Web of Science or Scopus, while there was no significant difference between Web of Science and Scopus." Clear differences in citation counts returned by GS as compared to citation counts returned by WoS and/or Scopus were also reported by Bakkalbasi, Bauer, Glover, and Wang (2006) 
Reasons for the differences in the citation data from the four databases
Section 3.1 above presented the differences in the results of the analysis of citations returned by GS and the feebased databases. The present section looks at the reasons for these differences. Basically we have to differentiate between reasons for failing to identify source items and the reasons of poor covering of the citing articles. In general Google has access to the bibliographic information of papers published by all publishers, but not for the citations embedded. Citations are part of the full text which is not available for free but protected by intellectual properties rights. For indexing of citations Google has to rely on cooperation with the publishers. This may be an active cooperation where the publisher is pushing the citations continuously to Google or the classic passive strategy by allowing access to full text for the Google web crawlers. However, looking for the concrete reasons of differences in the results of the analysis of citations returned by GS and the fee-based databases is a very difficult undertaking overall, as Google-in contrast to the fee-based database providers, provides only minimal information about the content of GS, informa- Table 2 Publisher of the journals in which papers accepted or rejected (but published elsewhere) by AC-IE were published, by papers that were not found in Google Scholar (GS) and that showed 0 or at least one citation in GS and in Science Citation Index (SCI).
Publisher of the journal in which the paper was published Notes: In the data set there is only one paper for which 0 citations were found in SCI but more than 0 citations (namely, 4) were found in GS.
tion such as publisher and journal lists, time span, or the disciplinary distribution of records (Kousha & Thelwall, 2007) .
Reasons that have to do with the cited papers
As was shown in Section 3.1, for papers accepted and rejected (but published elsewhere) by AC-IE it is conspicuous that GS returns 0 citations for almost 50% of them (the fee-based databases returned 0 citations for only 1-2% of the papers). This result could be an indication that for certain papers in the field of chemistry (papers, for example, that were published within a certain publication window) GS can return no citation counts. The extent to which this might be true was tested based on various characteristics of the papers in the data set of this study: publisher of the journal, the journal in which a paper was published, and the publication year of a paper. Table 2 shows the results for publisher of the journal in which papers were published that were accepted or rejected (but published elsewhere) by AC-IE. The citation counts returned by SCI and GS are compared. Papers that were published by one and the same publisher (some publishers are grouped together under the category "other publisher") are shown according to whether they (1) were not found in GS, or (2) had 0 citations in SCI and in GS, (3) had 0 citations only in GS (and had at least one citation in SCI), or (4) had at least one citation in GS (and in SCI).
As the results of Table 2 show, 73 (81.1%) of a total of 90 papers that were not found in GS were published in a journal published by Wiley-VCH (mainly in AC-IE). However, as approximately 60% of the papers in the data set of this study were published in a journal published by Wiley-VCH (mainly in AC-IE), this result is not surprising. For 27 papers in the data set, both GS and SCI returned 0 citations. With regard to these papers, the table shows no conspicuous frequencies for particular publishers. The same is true of papers having 0 citations only in GS (see column 4 in Table 2 ) and having at least one citation in GS (and in SCI) (see column 5 in Table 2 ). For example, 451 papers that were published in a journal published by Wiley-VCH returned 0 citations in GS, while 531 papers (published in a journal by the same publisher) returned at least one citation in GS. The analysis of the cited papers according to the publisher of the journal in which the papers were published thus provides little information on why the citations counts returned by GS differ greatly from the citation counts returned by SCI.
The analyses for which the results are shown in Table 2 were not conducted only for publisher but also for journal and for publication year of the papers in the data set of this study. In addition to the SCI citation counts, also the Scopus and CA citation counts were analyzed in combination with the GS citation counts. However, as the analyses with these citation counts -similar to those in Table 2 -did not reveal any conspicuous rates for particular journals and publication years, the results are not shown in a table.
Reasons that have to do with the citing papers
The reasons for clearly lower citation counts returned by GS as compared to the fee-based databases apparently relate to the papers that cited the chemistry papers. In a comprehensive study, Kousha and Thelwall (2008) examined a sample of 882 papers from 39 Open Access journals (indexed by Thomson Reuters) published in 2001 in the fields of biology, chemistry, physics, and computing and classified the type, language, publication year, and accessibility of the GS and WoS unique citing sources. For the articles in the field of chemistry (n = 276) they found a relatively low number of GS citations (n = 279) and a much higher number of WoS citations (n = 668) (see here also the results in Evidence Ltd., 2007, p. 21) . This result agrees with the results found for the analysis of the WoS and GS citations for the publication set of this study.
As the classification of the WoS unique citations (that is, those citations that are returned by WoS only and not by GS) in the study by Kousha and Thelwall (2008) showed, 41% of these citations are found in a journal published by Elsevier. "One explanation for such missing citations in Google Scholar is that it couldn't directly access the Elsevier publication database . . . in order to index the 'citing references' to Open Access chemical journal articles" (Kousha & Thelwall, 2008, p. 288) . For the articles in the field of chemistry, 28% of unique citations returned by WoS came from articles in journals that are published by the American Chemical Society (ACS): "Although Google Scholar directly indexes bibliographic information and abstracts of journal articles from ACS publications, it couldn't access the references of those articles which targeted OA articles in this study" (Kousha & Thelwall, 2008, p. 288) . Notes: The IP-domains were extracted from the URL provided by GS for every single paper. An URL was not available for all source papers found in GS: for 30 of the total of 1747 papers that were accepted or rejected (but published elsewhere) by AC-IE (see Table 1 ) an IP-domain was missing. With n = 9565 the number of total citation counts in the table differs from the number of total citation counts in Table 1 (n = 9320), because we considered in Table 4 only the cases where both the cited and the citing paper have an IP-domain. Additionally, we did not restrict the analysis here on citing paper with usable publication years (as we did it in the analyses for the findings in Table 1 ).
With our data set we can show that this is true not only for OA articles, but also holds for papers that are published by traditional print journals. We verified this by analyzing the journal-to-journal citations, e.g. from Organometallics (published by ACS) to Organometallics, or in general by analyzing the publisher-to-publisher citations as given in Table 3 : the citing papers for the manuscripts rejected by AC-IE but published by ACS journals (n = 373) are primarily published by journals of the three major publishers ACS, Elsevier and Wiley-VCH, where we found 6211 (71%) citing papers in SCI of the total citation counts (SCI, n = 8723), but only 1079 (38%) citing papers in GS of the total citation counts (GS, n = 2804). The results of the IP-domain analysis of all combinations of source papers/citing papers of the three major publishers found in GS are given in Table 4 . It is clearly visible that combinations including acs.org are significantly fewer existent than combinations including wiley.com or elsevier.com. Further analyzing the few GS citations coming from the ACS domain (acs.org, n = 98, see Table 4 ) reveals that almost all links are pointing to free accessible teaser papers.
Discussion
Google Scholar has been available on the Internet for free since 2004 as beta release, and it "provides every academic with access to citation data regardless of their institution's financial means" (Harzing & van der Wal, 2008, p. 72) . Because of the fee-based databases' poor coverage of certain fields and the difficulty of citation analysis for publications that are not published in journals indexed by Thomson Reuters (or in Scopus), the analysis of GS data can be a great advantage. A study by Rahm and Thor (2005) , for instance, which analyzed the citation counts for two main database conferences (SIGMOD and VLDB) and three database journals (TODS, VLDB Journal and Sigmod Record) over 10 years, demonstrated the high usefulness of GS for this specific subject area. However, "data preparation, data cleaning and integrating data from several sources are important to achieve useful and correct results" (Rahm & Thor, 2005, p. 53) .
For a comprehensive set of papers that were accepted for publication by AC-IE or rejected (but published elsewhere), the study reported here investigated the extent to which GS can be used for evaluative purposes in the field of chemistry and yield valid results. The results of citation analyses using three fee-based databases were compared with the results of a citation analysis based on GS data. Whereas the analyses using citations returned by the three fee-based databases show very similar results, the results of the analysis using GS citation data differed greatly from the results using citations from the fee-based databases. The results therefore support, on the one hand, the convergent validity of citation analyses based on data from the fee-based databases and, on the other hand, the lack of convergent validity of the citation analysis based on the GS data.
All in all, the results support Moed's (2005) claim that the SCI, in contrast to GS, is suitable for research evaluation in chemistry (see also Kousha & Thelwall, 2008) . This also holds -as the results of the present study show -for Scopus and CA. The peer-reviewed journal literature, which plays a very important role in the exchange of research findings in the field of chemistry, is covered comprehensively by the fee-based databases. The results of the citation analysis using GS data are obviously decisively limited due to major publishers' lack of cooperation with Google. ACS, as one of the dominating publishers in chemistry, does not cooperate with Google which causes a significant loss of citations and prohibits the use of GS in citation analysis. Unfortunately information about cooperations belongs to the confidential company policies and most publishers are not willing to give clear statements. Using GS for citation analysis might be beneficial for the fields of "(1) business, administration, finance & economics; (2) engineering, computer science & mathematics; (3) social sciences, arts & humanities" (Harzing & van der Wal, 2008, p. 65) , where peer-reviewed journal literature does not dominate the formal scientific communication (and where instead, books, contributions to anthologies, conference papers and so on are published frequently), but it is not beneficial for the field of chemistry.
However, independently of the field or discipline, anyone using GS must be aware that the database is still in beta testing (Bar-Ilan, 2008) . According to an overview by Bar-Ilan (2008) , neither the Boolean operators nor the range operator (for limiting the date of publication) work properly. Furthermore, as also this study showed, it is not always possible "to correctly identify the publication year of the item, and citations are not always attributed to the correct publication" (Bar-Ilan, 2008, p. 260) . For Jacso (2008a) GS "does a really horrible job matching cited and citing references" and "often can't tell apart a page number from a publication year, part of the title of a book from a journal name, and dumps at you absurd data" (see also Perkel, 2005) . In addition, "the hit counts and the citation counts of Google Scholar keep changing dramatically. If they were increasing, it could be chalked up to adding new records, but often these counts decrease because of deleting records from the database" (Jacso, 2008b, p. 270) . Meho and Yang (2007a) conclude that overall, GS is "not conducive for large-scale comparative citation analyses" (p. 579). As it is not always clear what is being counted in GS (Falagas, Pitsouni, Malietzis, & Pappas, 2008) , it is not always possible to be sure, in a group comparison for evaluative purposes based on citation counts, what is actually being compared to what (Pringle, 2008) . Upon the background of these weaknesses it seems justified that Gardner and Eng (2005) conclude that Google should improve GS significantly in the beta testing phase before it becomes fully operational.
